Abstract Protein with NmrA domain serving as the receptor for oxidized NAD
Introduction
Under high light (HL) conditions, plants cope with excess light energy via acclimation mechanisms, which are mainly directed towards photosynthetic machinery. Excess light activates strategies of photoprotection and repair of the photosynthetic apparatus from photooxidative damage (Melis 1999) . The crucial role in activation of protective pathways plays redox signaling (Wu et al. 2007; Brestic et al. 2014) , including indispensable role of redox sensors, including proteins of different families (Foyer and Noctor 2009) . Uncovering functions of many stress-related proteins is still a challenge for researchers and molecular biology continually brings new discoveries in this area (Shao and Chu 2005) . Proteins which contain NmrA domain of short-chain dehydrogenase/ reductase (SDR) family participate in the regulation of metabolism of nitrogen, nitrous oxide and reduction of quinones being dependent on the values of oxidized and reduced forms of NADH/NADPH in fungal, bacterial and animal systems Stammers et al. 2001; Perssona et al. 2009 ). NmrA protein interaction with oxidized forms of NAD ? / NADP ? is much stronger than the interaction with reduced ones and, this ability of NmrA to discriminate between the oxidized and reduced forms of the dinucleotides may be linked to a possible role in redox sensing (Lamb et al. 2003) .
It has also been suggested that gene PadA belongs to a new family of NAD(P)
? -binding proteins that link metabolic changes to gene expression and is required for growth and normal development (Núñez-Corcuera et al. 2008) . Sequence comparisons and predicted three-dimensional structure analyses show that PadA carries an NmrA-like domain. NmrA is an Aspergillus nidulans negative transcriptional regulator involved in modulating the activity of a GATA-type transcription factor, AreA (master gene responsible for nitrogen metabolite repression), probably by interfering with nuclear translocation (Lamb et al. 2004) .
AreA contains a GATA-type ZF that has a competing dual recognition function, binding either DNA or the negative regulator NmrA. The crystal structures of three AreA ZF-NmrA complexes including two with bound NAD ? or NADP ? . The molecular recognition of AreA ZF-NmrA involves binding of the ZF to NmrA via hydrophobic and hydrogen bonding interactions through helices a1, a6 and a11 (Kotaka et al. 2008) . The presence of bound NAD ? /NADP ? in the NmrA-AreA ZF complex, however, causes minimal structural changes. Any regulatory effects on AreA function mediated by the binding of oxidized nicotinamide dinucleotides to NmrA in the NmrA-AreA ZF complex appear not to be modulated via protein conformational rearrangements. A key feature of NmrA is the presence of a NAD ? -binding domain, which is essential for protein function Lamb et al. 2004 ). This functional feature defines a group of NAD(P)
? -dependent proteins that play a regulatory role sensing metabolic parameters (Shi and Shi 2004) .
As to our knowledges NmrA like proteins have not been reported in Hordeum vulgare yet and their sequences are probably not available due to incomplete knowledge of H. vulgare genome. We suggest that in the chloroplasts of H. vulgare L. NmrA protein is probably expressed constitutively. In the photosynthetic mutant chlorina f104, which shows modified structure of light-harvesting antennae under conditions of strong radiation, expression of chloroplastic NmrA protein (cp NmrA-related protein, cp Nrp) is possible to regulate under strong light radiation. Therefore, we aimed to investigate the HL radiation impact on photosynthetic pigment and on chlorophyll a fluorescence with special emphasis put on the mechanisms of chloroplast proteins in response to HL radiation in both WT and mutant of Hordeum vulgare L.
Materials and methods

Cultivation of plants
Plants of spring barley (Hordeum vulgare L.), cv. Kompakt (wild type, WT) and photosynthetic mutant chlorina f104 (mutant) were grown in containers filled with standard growing substrate in air-conditioned cultivation box at artificial illumination with light intensity reaching 250 lmol m -2 s -1 and photoperiod of 14/10 h light/dark and temperature of 25/20°C day/night. The 5th fully developed leaf was exposed to high light (HL) radiation with intensity of 1,200 lmolm -2 s -1 during 60 min. Intensity of solar radiation on the level of the leaves was monitored by sensor Li-250 compatible with datalogger LiCor 1400 (LICOR, Lincoln, Nebraska, USA).
Analyses of photosynthetic pigments
The content of photosynthetic pigments in leaves was estimated spectrophotometrically after extraction in acetone solution. The segments of leaves of WT and mutant plants were homogenized using sea sand, MgCO 3 and 100 % acetone. The mass was transferred into 80 % acetone than 3 min at 2,500 rpm centrifuged. The absorbance of the solution was measured UV-Vis by spectrophotometer (Jenway, UK) at 470, 647, 663 and 750 nm. The concentrations of chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids (Car) per leaf area unit were determined, using the equations of Lichtenthaler (1987) . Leaf absorbance calculated from leaf chlorophyll content using formula of Evans (1993) .
2.3 Chl a fluorescence and P700 measurements PSII and PSI photochemistry of leaves at high light conditions were assessed by simultaneous measurements of Chl a fluorescence and P700 absorbance. Modulated Chl a fluorescence and fast Chl a fluorescence transient were measured in the leaves exposed to high light.
Parameters of modulated Chl a fluorescence and P700 were measured using Dual-PAM-100 Fluorimeter (Walz, Germany). The maximal quantum yield of PSII photochemistry is calculated as follows: F v /F m = (F m -F o )/F m , where F o is minimum fluorescence measured using modulated measuring light in dark adapted sample and F m is the maximum fluorescence measured during the saturation light pulse with intensity of 10.000 lmol photon m -2 s -1 and duration 0.8 s. Other standard parameters of photosystems (PS) II and I were calculated using the saturation flash method Schreiber 1986; Klughammer and Schreiber 1994; Zivcak et al. 2013) . The rate of PSII electron transport (ETR) was calculated using effective PSII quantum yield from chlorophyll fluorescence records, intensity of PAR and leaf absorbance calculated from leaf chlorophyll content using formula of Evans (1993) . We presupposed the equal distribution of light between photosystems.
Fast Chl a fluorescence transient were measured using a Handy-PEA fluorimeter (Hansatech, UK). First, Chl a fluorescence transient were measured in the leaves which were kept in darkness for 30 min (before photoinhibition, PI). Then, high light was applied (see above for the protocol), and Chl a fluorescence transient were measured 30 min after recovery from light for 30 min in dark (after photoinhibition, PI). Continuous actinic light of the maximum intensity of 3.500 lmol (photons) m -2 s -1 . The fluorescence intensities were recorded with frequency up to 100 kHz. The recorded chlorophyll a fluorescence transients were analysed by the so-called JIP-test that translates stress-induced alterations in these transients to changes in biophysical parameters quantifying the energy flow through photosystem II (PSII). It was done by transferring the data to a Biolyzer software (version 4HP v. 3 .06, Bioenergetics lab, Geneva University) with calculation further several biophysical parameters of the PSII state (Strasser et al. 2000) . More details on Chl a fluorescence method in stress studies and calculation of individual parameters which we used can be found in research papers (Brestic et al. 2012; Zivcak et al. 2014) or methodical reviews (Stirbet and Govindjee 2011; Brestic et al. 2012; Kalaji et al. 2014 ).
Isolation of chloroplasts proteins and protein purification
The chloroplasts from the leaves of control and stressed plants of WT and mutant chlorina f104 were prepared using Sigma Chloroplast Isolation Kit (Sigma-Aldrich, St. Louis MO, USA). The pellets (membrane fraction) were directly dissolved in SDS-PAGE sample buffer. The soluble proteins were recovered by precipitation with trichloroacetic acid and dissolved into SDS-PAGE sample buffer. The protein pellet was re-suspended in isoelectrofocusing (IEF) buffer containing 8 M urea, 2 M thiourea, 4 % 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), 30 mM 1,4-dithiothreitol (DTT), 1.5 % IPG buffer pH range 3-10 (GE Healthcare, Germany). The protein concentration was determined according to the Bradford protein assay (1976) using BSA as standard.
Protein separation and in-gel trypsin digestion and MALDI-TOF MS analysis
After protein estimation, active rehydration of mixed protein was done on immobilized pH gradient (IPG) strips (18 cm, 3-10 pH linear gradient; Amersham, GE) for 12 h. Rehydration and isoelectric focusing (IEF) were carried out using Protean IEF Cell (BioRad) at 20°C. After IEF, the strips were equilibrated with two different equilibration buffers with a gentle rocking at 25 ± 2°C for 30 min each. The first equilibration was performed in a solution containing 50 mM Tris-HCl buffer (pH 8.8), 6 M urea, 2 % (w/v) SDS, 30 % (w/v) glycerol and 2 % DTT and the second equilibration was performed by using 2.5 % (w/v) iodoacetamide by replacing DTT. The proteins were separated in the second dimension (2-D) by 12 % SDS-PAGE at 10 mA gel -1 for 1 h and then 38 mA gel -1 for 6 h using Protean Plus Dodeca Cell (BioRad) followed by silver staining.
Only spots selected through PDQuest (Bio-Rad) were common in all gels, reproducible and exhibited significant abundances were excised, distained, and considered for in-gel trypsin digestion and matrixassisted laser desorption/ionization time of flight mass spectrometric (MALDI-TOF MS). Analysis was conducted with a MALDI-TOF/TOF mass spectrometer following the method explained by Shevchenko et al. (1996) . Tryptic digests were analyzed by LC-MS/MS system combining Ultimate capillary liquid chromatograph (LC Packings) with ion trap mass spectrometer HCTultra (Bruker).
Protein identifications and MS/MS analysis
Identification of protein spots was performed by database search on the basis of NCBI protein database (Release 20080228) by search engine Mascot 2.2 (MatrixScience). Sequence of cpNrp protein (product of gene Os08g0553800) from rice (Oryza sativa L.) was gained from gene bank and homologous sequences of this protein were looked up by means of bioinformation server Blast from Viridiplantae (Altschul et al. 1990 ). In addition, all gained protein sequences were subjected to domain analysis by bioinformation server Pfam (Bateman et al. 2004) . For the identification of probable chloroplastic proteins the prediction servers Predotar (http://www.inra.fr/predotar/), ChloroP and TargetP (Emanuelsson et al. 2000) were applied. Sequential alignment of cpNrp protein (multiple sequence alignment of the cpNrp) was performed by means of bioinformation server Clustal W (Thompson et al. 1994; Higgins et al. 1996) . The sequences were analysed using the BioEdit software package (Hall, 1999) .
Stastical analysis
The data presented correspond to the mean values ± standard deviation (SD) of three replicates. One-way analysis of variance (ANOVA) and Duncan's multiple range test by using SIGMASTAT software (version 11.0) were performed to confirm the variability of results and for the determination of significant (P B 0.05) difference between treatment groups, respectively. Different letters indicating significant (P B 0.05) different values with each others.
Results
Effect of high light treatment on PSII photochemistry of barley leaves
Results of our study showed that leaves of chlorina f104 mutant were characterized by significantly (P B (Fig. 1) , indicating thus photoinhibitory damage both in WT and in mutant of barley. However, the level of photoinhibition was significantly (P B 0.05) lower in the mutant plants than in WT.
The measurements of P700 analysis of the data reveals that the HL radiation could affect the values of quantum yield of PSI (U PSI ), electron transport rate at PSI (ETR PSI ), quantum yield of PSI nonphotochemical energy loss due to PSI acceptor side limitation (U NA ) and quantum yield of PSI nonphotochemical energy loss due to PSI donor side limitation (U ND ). Interestingly, HL treatment caused insignificant (P B 0.05) decrease in the U PSI , ETR PSI and U NA in the mutant leaves when compared to the leaves of WT.
Similarly, the analysis of fast Chl a fluorescence kinetics by JIP-test confirmed the lower susceptibility of individual PSII components to high light in the mutants compared to the WT as it is evident in the phenomenological models (Fig. 2) . Obviously, after photoinhibition the part of reaction centers have been inactivated (shown as the black area in the middle of model). The inactive reaction centers were much more frequent in the leaves of WT than in the leaves of mutant plants. The second important effect was the decrease of electron transport capacity (ETo/RC), probably due to photoinhibitory effects at the PSII acceptor side. Even in this case the WT was more affected in comparison with the leaves of mutant plants. Hence, it can be suggested that the mutant plants used in our experiment were less susceptible to photooxidative damage than the plants of WT of barley.
Identification of cpNrp protein
Based on image analysis of 2-D gels of chloroplast protein isolates obtained from WT and mutant exposed to strong light radiation a protein as a product of the gene Os08g0553800 originated from rice (gi|115477733) was identified in selected spots by LC-MS/MS analysis. Product of Os08g0553800 gene in barley is probably very close by its homology to the protein in rice. The identification of the protein in barley is based on four peptides with significant score covering 15 % of rice protein sequence. All identified peptides come from C-terminal region (within positions from 243 to 323). The spots corresponding to the protein in the WT have not changed intensity after 1-h light strong exposure (Fig. 3) .
NmrA protein in the chloroplasts of Hordeum vulgare L. is probably expressed constitutively. But in the photosynthetic mutant chlorina f104, which shows modified structure of light-harvesting antennae, increased expression of chloroplastic NmrA protein (cp NmrA-related protein, cp Nrp) was exhibited under conditions of strong radiation. Analysis by bioinformatic tools revealed that identified proteins contains NmrA domain in C-terminal part, but at the same time the N-terminal part is not specified in more details, showing low homology to DNA binding. The homologous proteins we have determined contain a terminal KKLK sequence like that found in NmrA proteins other organisms, what indicates existence of new family of proteins in organelles of higher plants, fungi and algae, named Nrp (NmrA-related proteins) (Lamb et al. 2004; Nasmith et al. 2011) . Experiment with characterization of the Aspergillus nidulans nmrA gene involved in nitrogen metabolite repression has been found that sequence determination of 2,173 bp flanking the PCR fragment indicated an open reading frame encoding a 352-amino-acid polypeptide which is interrupted by a single intron where protein-protein interaction studies have shown that the 45 amino-terminal amino acids of NMR1, not present in NmrA, are not required for binding to NIT2 and that the region from amino acids 118 to 284, spanning the three central conserved regions between NMR1 and NmrA, also binds NIT2 (Andrianopoulos et al. 1998) . NmrA is a negative transcription-regulating protein that binds to the C-terminal region of the GATA transcription-activating protein AreA. The C-terminal fragment of AreA can bind individually to GATA-containing DNA and NmrA and that in the presence of a mixture of GATAcontaining DNA and NmrA, the AreA fragment binds preferentially to the GATA-containing DNA in vitro (Lamb et al. 2004 ).
Discussion
Our experimental findings revealed that the chlorina f104 mutants offer a useful system to examine the factors that determine the photosynthetic performance in leaves. They are distinguished by unique changes in the content and composition of light harvesting pigment-protein complexes associated both with PSI and PSII . Mutant of barley lacks a (2000) for control and heat-stressed wheat leaves of WT (cv. Kompakt) and chlorina f104 mutant of barley. The thickness of each arrow represents the value of absorbance per active reaction center (ABS/RC), trapping flux per active reaction center (TRo/RC), electron transport per active reaction center (ETo/RC) or heat dissipation of excess light energy per active reaction center (DIo/RC). The rondel in the central part represents the number of reaction centers: the pale gray area represents the active reaction centers, and the black area represents the fraction of inactive reaction centers. Measurements were done by fluorometer HandyPEA (Hansatech, England) and the models were generated using software Biolyzer 3.06 (Maldonado-Rodriguez, Laboratory of Bioenergetics, University of Geneva, Switzerland) large component of Lhcb1 in addition to lacking the 23 kD Lhca2protein of PSI (Bossmann et al. 1997) . In general, the modification in light harvesting complexes can be expected to increase the susceptibility to photoinhibition. Furthermore, it was shown that the mutant of barley maintains the photosynthetic performance, as well as the resistance to high light at the level similar to the WT Gilmore et al. 1996; Brestic et al. 2008 ). In our experiment we have observed even higher resistance to high light in Chlorina mutants compared to the wild type. It may be caused by cultivation of barley plants at moderate light intensity (the threshold level of the light intensity) sufficient to enhance the photoprotection in the leaves of mutant plants, but not in the leaves of WT plants. It was experimentally demonstrated that sufficient photoprotective capacity in the mutant plants of barley is achieved by up-regulation of components involved in the xanthophyll cycle-dependent photoprotection (Gilmore et al. 1996; . Thus, the observed changes at the molecular level, including the up-regulation of proteins associated with redox signaling are in accordance with expectations. The barley protein was identified as cpNrp (a product of the gene Os08g0553800) originated from rice (gi/115477733). This rice protein features of reductase dependent on NADPH. By means of bioinformation server Pfam the sequence homologous to NmrA protein was identified. N-terminal end of this protein is very little related to MH1 domain which is a part of amino-end of MAD-related proteins as are for example Smad proteins (Attisano and Tuen Lee-Hoeflich 2001) . N-terminal part of cpNrp protein can bind DNA or integrate with transcription factors in nucleus of cells. KKLK amino acids sequence in position 369-372 serves as nuclear localization signal (NLS) and probably helps to import cpNrp protein into nucleus. This could also explain its interaction with DNA and transcription factors as it is depicted in the hypothetic Fig. 4 .
It is interesting that this protein is with high probability plastid protein because as it was determined by bioinformation instruments and also experimentally it contains plastid targeting sequence (Fig. 5) . According to server ChloroP, transit peptide of cpNrp protein which serves for appropriate targeting of protein into chloroplast contains 53 amino acids (Emanuelsson et al. 2000) .
Up to now, NmrA protein has been described either as a repressor which hinders transcription factor binding to promotor region of DNA or posttranslation modulator of AreA protein in various species of fungi . AreA is a transcription factor of GATA type, which participates in nitrogen metabolism regulation in lower fungi (Grove and Marzluf 1981; Davis and Hynes 1987; Fu and Marzluf 1990; Marzluf 1997; Andrianopoulos et al. 1998; Rutter et al. 2001) . In fungi, NmrA protein can regulate AreA transcription factor either by direct inhibition of its binding on DNA or indirectly by controlling entry of this factor into nucleus on the basis of its redox status (Fu and Marzluf 1990; Wilson and Arst 1998) .
NmrA has a similar structure to short-chain dehydrogenase/reductase (SDR) family proteins but no enzyme activities because of the lack of conserved active-site residues (Wilson and Arst 1998) . It also shows close homology with UDP-galactose 4-epimerase. It is known that NmrA protein binds oxidized NAD which has probably certain regulating function (Zheng et al. 2007) . Its dehydrogenase and reductase activity probably does not work in this case ? that has high affinity to oxidized forms of these nucleotids. This characteristic of the protein makes it possible to suppose that homologous protein in chloroplasts can operate as a redox receptor .
In human found protein HSCARG, which contains NmrA domain, precipitates with arginin-succinate synthetase and by this regulates level of nitric oxide and its subsequent effects as, for instance, apoptosis of cells . The topology of HSCARG is nearly identical to that of NmrA (Xiao et al. 1995) . The protein determined by the present work and identified as a product of gene Os08g0553800 is a protein coming from O. sativa L., which is a part of a new protein family in organelles of higher plants and algae. Highly identical homologous proteins in the organelles of lower and higher plants are stated in Table 2 .
Gradual analysis of individual homologues of cpNrp protein (Os08g0553800) (gi/115477733) from O. sativa L. in respective species of lower and higher plants and algae by means of bioinformation instruments showed that in different organisms homolog of cpNrp has various domain composition and can participate in several cell processes.
In the case of homologous protein from moss (Physcomitrella patens) there is a short sequence related with UV endonuclease on its N-terminal side, which participates on the reparation of DNA after damage by UV radiation. In the case of homologous protein from algae Ostreococcus tauri (Ot18g01670, the sequence similar to PRC (photosynthetic reaction centre) barrel structure which was described in H subunit of photosynthetic reaction centre of purple bacteria was identified in C-terminal part. Ot18g01670 and its other homologues can participate in RNA metabolism, concretely on the 16rRNA processing and maturation of ribosomes (Anantharaman and Aravind 2002) . In Rim M (ribosomal maturation) proteins from Eubacteria PRC structure is localized on C-terminal end and contains about 80 amino acid residues. Photosynthetic bacteria have in this domain conserved acidic amino acid residue, which can regulate reduction of quinones in electrotransfer reaction induced by light (Anantharaman and Aravind 2002 ). In the case of possible nitrogen metabolism regulation we looked up homologous sequences of AreA transcription factor, but no highly homologous protein was found, and so the function of cpNrp protein (Os08g0553800) as chloroplastic protein is still unknown. Sequence of this protein related with NmrA indicates redox receptor region and KKLK nuclear signaling sequence its import into nucleus and consequent influence on gene transcription in strong light radiation conditions.
Conclusion
The proteins cpNrp with NmrA related sequence in chloroplasts and probably also in mitochondria /NAD ? and subsequently to regulate transcription of certain genes under conditions of HL radiation. KKLK sequence indicates transport of protein into the nucleus. However, it is not known how the molecules of the signal proteins migrate from chloroplast into nucleus. Further research will be necessary for the elucidation of this transport as well as the explanation of binding partners of these redoxsensitive receptors in plant organelles. In this context, it is interesting that NmrA related protein integrates with argininsuccinate synthetase in human cells. From the observations of our results we can suggest that the homologous protein is localized also in the plant chloroplasts and it could participate in nitric oxide regulation within them during stress reactions.
